Experimental characterization of the dynamics of multicomponent fluids is a problem of general importance to the field of complex fluids. We demonstrate a new experimental approach, termed two-color Fourier imaging correlation spectroscopy, which allows direct measurement of the partial dynamic structure factors, S 11 ͑k , ͒, S 22 ͑k , ͒, and S 12 ͑k , ͒, where 1, 2 label the component species of a binary colloidal suspension. Linear combinations of the partial dynamic structure factors yield the characteristic time-correlation functions of the binary fluid. These are the correlation functions of concentration fluctuations S CC ͑k , ͒, number density fluctuations S NN ͑k , ͒, and cross-correlations between number density and concentration fluctuations S NC ͑k , ͒. Test measurements are performed on a dilute symmetric mixture of fluorescently labeled 0.5 and 1.0 m polystyrene spheres. From these data, we determine generalized collective and relative diffusion coefficients, and compare them to the predictions for an ideal mixture of noninteracting particles.
I. INTRODUCTION
Understanding the dynamics of multicomponent complex fluids is important to a number of fields and can lead to new insights regarding the properties of colloidal mixtures, polymer blends, and the interactions between macromolecules ͑biological and synthetic͒ in solution. Current understanding of liquid mixtures is based on an extensive literature. [1] [2] [3] [4] [5] [6] [7] [8] [9] The vast majority of studies, however, have focused almost exclusively on structure with less attention devoted to dynamics. This is possibly due to limited experimental information, since few methods beyond computer simulation probe the microscopic dynamics of mixtures.
Traditionally, dynamic information about complex fluids is obtained from dynamic light scattering ͑DLS͒ measurements of the scattered light intensity from local fluctuations in the refractive index of the medium. 10 DLS experiments often reveal multiexponential relaxations that reflect complicated interactions between different fluid components. Nevertheless, the variety of systems amenable to study by DLS is limited by stringent requirements on the optical properties of the sample. The medium may be neither too turbid nor too transparent, so that single-scattering events dominate the signal. This condition ensures that the time-correlation function of the scattered light intensity is directly related to the timecorrelation function of the fluid's density fluctuations. Recently, a variation of DLS that suppresses multiple scattering in turbid media was introduced. 11 In a novel application of the technique, and by exploiting different temperature dependences of the refractive index of two species of colloidal particles, the partial dynamic structure factors of a binary colloidal fluid were determined close to the glass transition. 12 In this paper, we demonstrate a new and broadly applicable experimental approach to study complex fluid mixtures, which circumvents many of the limitations associated with DLS. Two-color Fourier imaging correlation spectroscopy ͑TC-FICS͒ allows for direct measurement of the partial dynamic structure factors needed to fully characterize the dynamics of a binary fluid. Fourier imaging correlation spectroscopy is an experimental method we developed to measure the local number density fluctuations of fluorescently labeled particles in solution. 13, 14 Briefly, the experiment monitors fluorescence fluctuations resulting from the spatial overlap between a phase-modulated ͑interferometrically generated͒ excitation fringe pattern, and a small ensemble of diffusing fluorophores. As a technique based on fluorescence detection, the FICS approach allows for specific labeling of distinct species, and has the ability to characterize the distributions of particle number density fluctuations. FICS has been used to study the dynamics of dense suspensions of fluorescently labeled colloidal particles 13, 14 and mitochondrial membranes in living biological cells. 15, 16 More recently, the detection sensitivity of the FICS approach was enhanced to study the center-of-mass fluctuations of small ensembles of chromophores and fluorescently labeled proteins in dilute solution. 17 In this work, we introduce a variation of the FICS approach that uses a dual detector configuration. A two-color version of the experiment allows the signal to be partitioned into two components, each reflecting a distinct contribution to the total fluctuating density of the fluid. In the TC-FICS experiment, simultaneously detected "red" and "green" signals represent the fluctuating partial densities associated with each labeled species of the mixture. From these data one determines the cross-correlation function of the densities of the two-component species, in addition to the autocorrelation functions associated with each species. 5, 18 In a single-component fluid, the collective diffusion coa͒ Present address: Vollum Institute, Oregon Health and Science University. b͒ Author to whom correspondence should be addressed. Electronic mail:
ahmarcus@uoregon.edu efficient can be expressed as a Green-Kubo time integral over the statistically averaged particle velocity correlation function. 1, 19, 20 This naturally separates into a sum of selfterm and distinct terms. The former describes the selfdiffusion of a labeled particle through a nonlabeled but otherwise identical host matrix, while the latter describes the correlation of velocities between distinctly labeled pairs of chemically identical particles through the same host. In a single-phase binary fluid mixture, the collective diffusion coefficient can be considered a weighted sum of three terms, two self-diffusion coefficients D 11 and D 22 , and a mutualdiffusion coefficient D 12 . The self-diffusion coefficients characterize the motions of labeled tracer particles through a uniform medium, while the mutual-diffusion coefficient describes the disappearance of an interface separating two liquids with dissimilar concentrations. 7 From a thermodynamic point of view, the diffusion coefficients relate mass flow to spatial gradients in thermodynamic parameters such as chemical potential and density. On microscopic scales, such gradients naturally arise from spontaneous fluctuations, which regress in response to thermodynamic forces. We demonstrate that the information contained in TC-FICS measurements allows the values of D 11 , D 22 , and D 12 to be separately determined, and their relative importance assessed. In this paper, we focus on the dynamics of a model system composed of two species of colloidal particles ͑indexed 1 and 2 with diameters 0.5 and 1.0 m; see Table I͒ at equal concentration in dilute suspension. Each species is fluorescently labeled with a spectrally distinct chromophore. By separate and simultaneous measurement of the spatiotemporal fluctuations of the two labeled species, we construct the partial dynamic structure factors S 11 ͑k , ͒, S 22 ͑k , ͒, and S 12 ͑k , ͒. The partial dynamic structure functions can then be transformed into relative and collective coordinates, which represent the space-time correlations of concentration and total number density fluctuations, respectively. 2, 3, 6 The approach also allows for determination of the cross correlations between number density and concentration fluctuations, which yields unique information about the interactions between fluid components. This paper is organized in the following manner. In Sec. II, we present theoretical background needed to interpret our measurements. We describe the fluctuation theory for a twocomponent liquid and define the relevant correlation functions and their generalized diffusion coefficients. In Sec. III we describe the experimental methods employed to perform TC-FICS experiments. In Sec. IV we discuss the experimental results and compare them to the theoretical predictions for an ideal mixture.
II. THEORETICAL BACKGROUND

A. Dynamic structure factors
The dynamics of multicomponent fluids are characterized by partial dynamic structure factors, which are selfcorrelation and cross-correlation functions of the density fluctuations of the component species. An equivalent characterization is given by correlation functions of the total number density ͑a collective coordinate͒ and concentration ͑a relative coordinate͒. Cross correlations between number density and concentration reflect differences in local clustering between component species. 2, 3, 6, 9 To place our measurements into this context, we briefly describe the fluctuation theory for a simple two-component liquid.
We consider a binary mixture of two distinctly labeled colloidal species, suspended under dilute conditions in an unlabeled host solvent. We regard the host fluid as a background continuum, which does not directly affect the observable quantities of interest and provides a thermal reservoir that randomly exchanges momentum with the labeled ͑Brownian͒ particles. We treat the labeled component species as N ␣ particles of type ␣ ͕1,2͖ in the macroscopic volume V. The total number of labeled particles is N = N 1 + N 2 , the mean number density is n ␣ = N ␣ / V, and the mean number fraction ͑or concentration͒ of component ␣ is x ␣ = N ␣ / N. A local fluctuation from the mean number density is given by ␦n ␣ ͑r,t͒ = n ␣ ͑r,t͒ − n ␣ ,
͑2.1͒
where
␣ ͑t͔͒ is the number density operator for particles of type ␣ at time t and ␦͓x͔ is the Dirac delta function.
For our TC-FICS experiments, the measurement observables are proportional to the projections of ␦n 1 ͑r , t͒ and ␦n 2 ͑r , t͒ onto a specified wave vector k. These k-space partial number density operators are simultaneously determined for each species, given by the spatial Fourier transform,
͑2.2͒
Since ␦n ␣ ͑r , t͒ is real valued, N ␣ * ͑k , t͒ = N ␣ ͑−k , t͒. We can therefore expand ␦n ␣ ͑r , t͒ in terms of its Fourier components,
͑2.3͒
For our binary colloid studies presented below, N 1 and N 2 are experimentally determined and used to calculate the partial dynamic structure functions, 
͑2.4͒
In Eq. ͑2.4͒, the angle brackets indicate an average over all starting times t and is the time interval over which successive particle configurations are correlated. The partial dynamic structure functions correlate the Fourier components of the densities of type ␣ particles at time t with the densities of type ␤ particles at time t + . They are related by Fourier transform to the partial time-dependent radial-distribution functions g ␣␤ ͑r , ͒,
͑2.5͒
͑2.6͒
For a binary fluid, ␣ , ␤ ͕1,2͖, and the partial dynamic structure functions are labeled S 11 , S 22 , and S 12 . In principle, the S ␣␤ 's characterize the dynamics of the fluid in terms of the Fourier components of the partial local number densities. An alternative representation is given in terms of collective and relative coordinates expressed as local fluctuations in total number density and concentration, respectively. 3 We define the total number density fluctuation ␦n͑r , t͒ in terms of the total number density operator, n͑r , t͒ = n 1 ͑r , t͒ + n 2 ͑r , t͒, and its Fourier transform,
ik·r ␦n 2 ͑r,t͒
We similarly define the local fluctuation from the average concentration according to ␦c͑r,t͒ ϵ ͩ In the long wavelength ͑or k → 0͒ limit, S NN , S CC , and S NC represent the mean square correlations of fluctuations in the total particle density, concentration, and cross correlation between total number density and concentration, respectively. At nonzero wave vectors, or microscopic length scales, S NN , S CC , and S NC reflect local k dependencies of these correlations. We note that the density-concentration fluctuation coupling term can be rewritten as 3, 9 S NC ͑k,
͒ is the probability density of finding particles of type 1 or 2 about a particle of type ␣. We will return to these expressions in the discussion of our data below.
B. Generalized diffusion coefficients
We now define the partial k-and -dependent diffusion coefficient D ␣␤ ͑k , ͒ in terms of the partial correlation function S ␣␤ ͑k , ͒ ͓Eq. ͑2.4͔͒. We similarly define characteristic diffusion coefficients corresponding to S NN ͑k , ͒, S CC ͑k , ͒, and S NC ͑k , ͒.
The generalized partial diffusion coefficient is defined as
͑2.13͒
where the k-dependent current density operator of species
, and v i ␣ ͑t͒ is the timedependent velocity of the ith particle of that species. Equation ͑2.13͒ shows that D ␣␤ ͑k , ͒ is proportional to a GreenKubo integral over the time-dependent cross-correlation function Z ␣␤ ͑k , ͒ between the partial current densities of species ␣ and ␤. In terms of the particle coordinates,
To characterize the fluctuations of concentration and total number density, we similarly define a generalized diffusion coefficient,
with X , Y ͕N , C͖. The generalized collective diffusion coefficient is associated with the autocorrelation function of total number density fluctuations, S NN . Substitution of Eq. ͑2.11a͒ into Eq. ͑2.15͒ ͑and setting XY = NN͒, leads to
where the collective current density operator,
is the sum of the partial current density operators. Upon substitution of Eq. ͑2.17͒ into Eq. ͑2.16͒, D NN takes the form
where the partial velocity correlation functions Z ␣␤ ͑k , ͒ are given by Eq. ͑2.14͒. To determine the diffusion constant, we take the limits k → 0, → 0, and S NN ͑k , ͒ → S NN ͑0͒ ͑the total density static structure factor͒,
From thermodynamic fluctuation theory, the k → 0, → 0 limits of the correlation functions defined by Eqs. ͑2.11͒ are 1,3
where ␦ ϵ͑N / V͒͑v 1 − v 2 ͒ is the dilation factor, v 1 − v 2 is the difference in molar volumes between the two species, T = ͑−1 / V͒͑‫ץ‬V / ‫ץ‬P͒ T is the isothermal compressibility, and G is the Gibbs free energy of the fluid mixture. It is useful to estimate the value of the diffusion constant predicted by Eq. ͑2.19͒ for the case of an ideal mixture ͑the athermal limit͒. We will refer to this idealized limiting value as D NN 0 . Substitution of the ideal gas equation of state ͑PV = Nk B T͒ into the isothermal compressibility and noting that v 1 − v 2 = 0, Eq. ͑2.20a͒ becomes S NN ͑0͒ = 1. In the ideal limit, there is no correlation between the velocities of any two distinct particles. This leads all cross terms in the velocity correlation functions, which appear inside the integrand of Eq. ͑2.19͒, to vanish. For a binary fluid, the cross term contributions to Z ␣␤ occur in two forms: 20 ͑i͒ cross correlations between different particles of the same species ͑␣ = ␤ , i j͒ and ͑ii͒ cross correlations between particles of different spe-
where the first equality in Eq. ͑2.21͒ sets all the cross terms of type ͑ii͒ equal to zero, and the second equality sets all the cross terms of type ͑i͒ to zero. We have also identified the idealized self-diffusion constant Equation ͑2.21͒ shows that in the ideal limit, the collective diffusion constant of a binary fluid is a linear interpolation between the self-diffusion constants of each component, weighted by their respective number fractions.
Following a similar approach, we define a generalized relative diffusion coefficient in terms of the concentration correlation function S CC ͑k , ͒,
where j C ͑k , t͒ is a relative current density operator defined as
.22͒ is obtained by substituting the definition of S CC ͑k , ͒ ͓Eq. ͑2.10b͔͒ into Eq. ͑2.15͒ ͓and setting XY = CC͔.
To determine the relative diffusion constant, we take the limits k → 0, → 0, and
To determine S CC ͑0͒ from Eq. ͑2.20b͒, we use the conformal solution theory 1-3 to describe the Gibbs free energy, 
͑2.25͒
The first term derives from the combinatorial entropy of mixing, while the second term is an excess free energy that has a quadratic dependence on composition and a linear dependence on the interchange energy, w = 12 − 1 2 ͑ 11 + 22 ͒. The interchange energy is a measure of the average energy difference between particle-particle interactions associated with like and unlike component species. In an ideal mixture, w = 0. Substitution of the above expression for the Gibbs free energy into Eq. ͑2.20b͒ gives
Thus, in the ideal limit Eq. ͑2.24͒ becomes
where, as before, we have set the velocity cross terms of type Z ␣␤ =0 ͑with ␣ ␤͒. Further simplification of Eq. ͑2.27͒ leads to
͑2.28͒
In Eq. ͑2.28͒, we have eliminated velocity cross terms between different particles belonging to the same species ͑␣ = ␤ , i j͒, and we have again made use of our definition for the ideal self-diffusion constants of the pure components of the mixture ͓below Eq. ͑2.21͔͒. Equation ͑2.28͒ shows that for a binary fluid in the ideal limit, the relative diffusion constant is a linear interpolation between the self-diffusion constants of the pure components, weighted by their conjugate number fractions. We note that D CC 0 is often referred to as the "interdiffusion constant." 1, 4 The final equality of Eq. ͑2.28͒ has been shown to be a good approximation for mixtures of Lennard-Jones fluids in the single-phase region.
Comparison between Eqs. ͑2.21͒ and ͑2.28͒ shows that, in the k → 0, → 0, and athermal limits, the collective and relative diffusion constants are similar in structure. For the symmetric case examined in this work, x 1 = x 2 = 0. 
III. EXPERIMENTAL METHODS
A. TC-FICS
TC-FICS experiments were performed on a model system composed of a 1:1 mixture of 1.0 and 0.5 m diameter poly͑styrene͒ spheres in dilute aqueous suspension ͑particle concentration ϳ0.02% by volume͒. Our measurements span a range of time ͑10 −3 -10 1 s͒ and distance ͑0.8-2.7 m͒ scales sufficient to characterize the dynamics of this system.
In ordinary ͑one-color͒ FICS experiments, a continuous wave laser is used to create an interference light intensity fringe pattern that illuminates a fluid sample positioned at the stage of a fluorescence microscope ͑see Figs. 1 and 2͒. The laser resonantly excites an electronic transition of chromophores that uniformly label a small ensemble of mobile particles in the fluid. Spontaneous number density fluctuations of the labeled particles, which occur on a length scale matching the fringe spacing d G , lead to fluctuations of the detected steady-state fluorescence. The signal is amplified by sweeping the phase of the excitation grating at a speed much greater than that of an average particle displacement, and by using a lock-in amplifier to demodulate the ac component of the signal. It has been shown that the detected signal is linearly proportional to the spatial Fourier transform of the instantaneous fluctuation of the local particle number density N ͑k G , t͒ evaluated at the wave vector of the optical fringe pattern k G . 13, 14 These data are used to construct the k-and -dependent dynamic structure function,
, of the labeled particles. In this paper we use a two-color variation of the FICS geometry to study the density fluctuations of a binary mixture. TC-FICS experiments can determine cross correlations between number density fluctuations of two distinctly labeled species, in addition to the autocorrelations of the fluctuations within each species. The basic experiment is illustrated in Fig. 1 . Two species of colloidal particles ͑designated 1 and 2͒ are uniformly labeled by fluorescent chromophores that share a common optical absorption ͑ ex = 488 nm͒, but Fluorescence fluctuations occur when the length scale of local particle fluctuations matches the wave vector set by the fringe spacing. ͑b͒ At any instant, a static configuration of ␣-type particles ͑␣ ͕1,2͖͒ is uniquely described by a sum of vectors in the complex plane, as described by Eq. ͑3.4͒.
FIG. 2.
͑a͒ Schematic diagram of the experimental setup for two-color ͑TC-͒ FICS. A phase modulated interference fringe pattern ͑created by a Mach-Zehnder interferometer, not shown͒ excites a fluorescent sample that is positioned at the sample plane of a fluorescence microscope. The image of the excitation pattern is magnified and relayed ͑via dichroic beam-splitter 1͒ through a Ronche ruling, and the resulting intensity modulation is detected using an amplified photodiode ͑APD͒. The modulated signal from the APD is used as input to a negative feedback servo ͑see the Appendix͒, which corrects the relative path lengths of the interferometer ͑via a piezomounted mirror͒, to minimize passive phase instabilities. The fluorescence ͑transmitted by beam-splitter 1͒ is spectrally separated into two beam paths using dichroic beam-splitter 2. The "red" and "green" fluorescence beams are each filtered and detected by cooled photomultiplier tubes ͑PMTs 1 and 2͒ and lock-in amplifiers ͑labeled 1 and 2͒. Both lock-in amplifiers are referenced to the wave form used to sweep the excitation pattern. ͑b͒ Typical time course for the random phase error ͑RPE͒ with feedback loop engaged ͑red, rms phase error= 3. can Fig. 1͑a͒ as N 1 white disks of diameter 1 = 1.0 m and N 2 disks of diameter 2 = 0.5 m. The disks are illuminated by an interference fringe pattern created by two coincident laser beams with parallel polarizations. When d G is small relative to the focused laser beam waist, we approximate the excitation profile as an infinite plane wave, 13, 14 I ex ͑x,͒ = I 0 ͕1 + cos͓k G · x + ͑t͔͖͒.
͑3.1͒
The intensity of the fringe pattern changes sinusoidally in the î direction, whereas its polarization is fixed in the ĵ direction. In Eq. ͑3.1͒, the grating wave vector is k G = ͑2 / d G ͒î, ͑t͒ is a time varying phase ͑= G t͒, and I 0 is a constant intensity level.
At any instant, the contribution to the fluorescence signal due to species ␣ is proportional to the spatial overlap of I ex ͑x , ͒ with the local density fluctuations of this species ͓see Eq. ͑2.1͔͒,
␣ is the centerof-mass position of the ith particle of type ␣, A i ␣ is proportional to that particle's excitation/emission efficiency, and Ā ␣ is the mean excitation/emission efficiency. For the system under consideration, we assume that all ␣-type particles are identically labeled and that no internal degrees of freedom contribute to the signal. Thus, ␦f ␣ ͑r , t͒ = Ā ␣ ␦n ␣ ͑r , t͒, where Ā ␣ acts as a proportionality factor for species ␣, accounting for its absorption cross section, fluorescence quantum yield, and light collection efficiency of the experimental setup. The functional form of Eq. ͑3.2͒ suggests that the instantaneous fluorescence signal is proportional to the Fourier transform of the local number density operator for species ␣, evaluated at k = k G .
The phase of the grating ͑t͒ is modulated at the angular frequency G ͑=50 000 rad/ s͒, so that its position is continuously swept across the sample at a velocity v G = G / k G , much greater than the average speed of particle motion. To emphasize the separation in time scales between particle fluctuations and the inverse modulation frequency, we write the signal as a two-dimensional function of the "slow" variable t and the "fast" variable = G t. The resulting fluorescence intensity, from type ␣ particles, has the form 13,14
According to Eq. ͑3.3͒, the signal consists of two parts; a stationary ͑or dc͒ component representing the zero-k G background fluorescence level ͑proportional to the mean particle number contained in the illumination volume ϳN ␣ ͒, and a modulated ͑or ac͒ component whose amplitude ͉N ␣ ͉ and phase ␥ ␣ depend on the local number density fluctuation,
.4͒ shows that the amplitude of the ac signal reflects the extent to which fluctuations of the N ␣ particles contains spatial periodicity matching the spatial frequency of the excitation grating
The signal phase reflects the phase of that spatial periodicity relative to the phase of the excitation grating. Because of the separation in time scales between particle motion and the inverse modulation frequency, a lock-in detection method 14 is used to demodulate the signal into slowly varying complex components, Re N ␣ = ͉N ␣ ͉cos ␥ ␣ and Im N ␣ = ͉N ␣ ͉sin ␥ ␣ . As depicted in Fig. 1͑b͒ , at any instant, the complex valued Fourier component N ␣ is a vector sum of N ␣ single particle terms. Each particle contributes an amplitude, A i ␣ ͑assumed identical for all particles͒, and a phase,
Because k G points in the direction of the x axis, only the x component of r i ␣ contributes to the phase. Figure 1͑b͒ illustrates the relationship between the detected signals ͑N 1 and N 2 ͒ and the individual particle coordinates of the labeled species ͑r i 1 and r i 2 ͒ described by Eq. ͑3.4͒. If particle positions are randomly distributed, the signal amplitudes scale as the end-to-end vector of a Gaussian correlated walker, i.e., ͉N ␣ ͉ϳN ␣ 1/2 . In this limit, the signal-to-background ratio is
The vectors N 1 and N 2 fluctuate in the complex plane due to collective fluctuations of the two species of labeled particles. Analysis of the time and wave number dependence of N 1 and N 2 allows us to construct the partial dynamic structure factors, defined by Eq. ͑2.4͒.
B. TC-FICS apparatus
Modifications of the original FICS instrument, described by Grassman and co-workers, 13, 14, 16 were completed to simultaneously excite and detect two distinctly labeled fluorescent particles. Additional modifications were made to improve signal quality by reducing the instrumental background noise resulting from ambient mechanical vibrations. A phase-stabilized one-color FICS instrument was previously used to measure nanometer scale displacements of mitochondrial membranes in living cells. 16 Because many instrumental details were omitted in that work, we report them fully here.
In Fig. 2͑a͒ , we show a schematic diagram of the phasestabilized TC-FICS apparatus. The excitation fringe pattern is produced at the sample plane of a fluorescence microscope ͑beam waist ϳ90 m͒. The fringe pattern is the output of a Mach-Zehnder interferometer ͑not shown͒, in which the 488 nm line from an optically pumped semiconductor laser ͑Coherent Sapphire͒ is passed through a beam splitter; the two resulting beam paths are adjusted to approximately equal lengths before they are recombined. By changing the angle between the beams, the fringe spacing d G can be varied over the range 0.5 m-3 m, corresponding to a range of wave numbers, k G , 12.6-2.1 m −1 . 14 One beam passes through an electro-optic phase modulator ͑Conoptics, Danbury, CT, Mod. 370͒, which is driven by a frequency generator ͑Keithley, Mod. 3910͒. The laser power, measured just before sample incidence, is set to ϳ10 W. Both fluorescence and excitation beams are collected through a fused silica oil-immersion objective ͑Leica, PlanFluotar, 100ϫ, numerical aperture 1.3͒. A dichroic beam splitter ͑labeled 1, Omega, 505DRLP͒ reflects the 488 nm excitation and transmits the redshifted emission. The magnified image of the excitation grating is passed through a Ronche ruling, and tightly focused onto a small-area avalanche photodiode ͑APD, Pacific Silicon Sensor, Westlake Village, CA͒. As the optical grating is swept across the ruling, the spatially modulated signal is converted into a time varying signal. The APD output is measured using a phasesensitive detector that is referenced to the rf generator. A type 1 servo ͑described in the Appendix͒ is used to generate a feedback signal, which is delivered to a Piezo-mounted mirror ͑Piezomechanik GmbH, Munich, STr-25/150/6͒ to minimize the relative phase error, RPEϵ E − R , between the excitation phase E and the reference wave form phase R . In Fig. 2͑b͒ , we show typical time courses of the RPE, taken when the fringe spacing is set to d G = 1.0 m, and the feedback loop is left open ͑black curve͒ and closed ͑red curve͒. When the feedback is turned off, passive fluctuations of the RPE occur on time scales ranging from 10 −2 -10 1 s with root-mean-square variation ͗RPE 2 ͘ 1/2 Ϸ 288 nm. When the feedback circuit is engaged, the RPE continues to fluctuate on the same time scales, but in this case ͗RPE 2 ͘ 1/2 Ϸ 3.9 nm. Thus, the precision to which our phase measurements are sensitive is ϳ͑3.9 nm/ d G ͒ 2. Figure 2͑c͒ shows a static fluorescence micrograph of a typical binary sample used in our experiments ͑see Sec. III C, below͒. The characteristics of the colloidal particles are summarized in Table I . The two species of fluorescently labeled poly͑styrene͒ ͑PS͒ spheres ͑FluoSpheres, Molecular Probes͒, share a common optical absorption at 488 nm. The larger of the two particle species ͑␣ =1, 1 = 1.0 m͒ is labeled with rhodamine ͑FluoSphere "6," em,1 max ϳ 605 nm͒, while the smaller of the two species ͑␣ =2, 2 = 0.5 m͒ is labeled with fluorescein ͑FluoSphere "3," em,2 max ϳ 515 nm͒. After passing through beam-splitter 1, fluorescence emission from both species encounters a second dichroic beam splitter ͑labeled 2 in Fig. 2͑a͒ , Chroma, 565DCLP͒. Beam-splitter 2 transmits wavelengths longer than, and reflects wavelengths shorter than 565 nm. The green emission ͑primarily from the 2 = 0.5 m, species͒ and the red emission ͑primarily from the 1 = 1.0 m species͒ are thus separated into two distinct detection channels. Thermoelectrically cooled photomultiplier tubes ͑PMTs, Hamamatsu, R1527, labeled 1 and 2͒ operating in current mode are used to detect the two signals. Red emission is further removed from the green beam path using a 500 nm long-pass ͑500ALP Omega͒ and a 520 nm bandpass filter ͑520/ 40 Omega͒. The red beam path is filtered using a 645 nm bandpass ͑645AF75 Omega͒ and a 570 nm long-pass filter ͑570LP Omega͒. The PMT signals are demodulated using separate lock-in amplifiers ͑Stanford Research Systems, SR830͒ that are referenced to the rf-wave-form used to drive the phase modulator. A computer, which controls an analog-to-digital data acquisition board ͑National Instruments͒, records separately for each detection channel the average background fluorescence intensity Ā ␣ I 0 N ␣ ͑0͒, the complex components of the demodulated signals Ā ␣ I 0 Re N ␣ and Ā ␣ I 0 Im N ␣ , and the RPE. Typically, for each experiment, 32 000 successive data points are collected at an acquisition frequency of 512 Hz. From these data the ratios, ͑1/N ␣ ͑0͓͒͒Re N ␣ + i Im N ␣ ͔ ϰ ͉N ␣ ͉exp͑i␥ ␣ ͒ are determined, from which are calculated the functions S 11 ͑k G , ͒, S 22 ͑k G , ͒, S 12 ͑k G , ͒, and S 21 ͑k G , ͒ according to Eq. ͑2.4͒. In practice, the time-correlation functions are computed from the N ␣ ͑k , t͒'s by making use of the convolution theorem and taking the inverse Fourier transform of the associated power spectral density,
and
Individual data sets are repeated ϳ10 times, cross checked for consistency, and averaged together.
C. Sample preparation
We performed TC-FICS measurements on three different aqueous colloid samples, whose characteristics are summarized in Table II . Sample A is a single-component dilute suspension of rhodamine-labeled PS spheres ͑with particle diameter 1 = 1.0 m͒. Sample B is a similarly prepared suspension, having identical concentration as in A, of fluorescein-labeled PS spheres ͑particle diameter 2 = 0.5 m͒. Sample C is a binary symmetric ͑x 1 = x 2 = 0.5͒ mixture of the two-particle species, with the total concentration equal to that of the single-component samples A and B. . x 1 is the number fraction of species 1, n 1 is the number density of species 1, and d 0 is the mean inter-particle spacing. All the three samples contain 20 M NaN 3 , which serves two purposes: ͑i͒ it shields electrostatic interactions between the charged surfaces of the spheres and ͑ii͒ it eliminates the presence of microorganisms. The particle suspensions are confined between a glass slide and a cover slip that have been treated with a poly͑siloxane͒ coating ͑Glassclad 18, United Chemical Technologies͒. The poly͑siloxane͒ coating minimizes the adherence of colloids to the sample cell surfaces. The total mean particle number density is equal for all the three samples. For sample C, N 1 = N 2 = 8.3ϫ 10 8 ml −1 and x 1 = x 2 = 0.5.
D. Signal calibration and control measurements
For calibration and control purposes, test measurements were performed on dilute single-component colloidal suspensions ͑samples A and B of Table II͒ . In this way, we determined the appropriate filters needed to optimize the spectral selection achieved at the two detection channels ͑de-tailed in Sec. III B, above͒. For the filter configuration used, the ratio of green-to-red fluorescence intensity at the "red" detection channel ͓indicated by PMT1 in Fig. 2͑a͔͒ is I G / I R ഛ 0.13± 0.0005, while I R / I G ഛ 0.003± 0.0005 in the "green" channel ͑indicated by PMT2͒. The selection at the red channel is worse than at the green channel because of an extended tail in the green particle emission spectrum that overlaps with the red particle emission.
This "contamination" of the red signal can, in principle, lead to errors in the time-correlation functions, notably in the cross-correlation functions for binary systems. For the experiments on dilute binary fluids reported below, we tested the effect of the contamination by making the following adjustment to selected data sets. We assume that the contaminated red signal N 1 C at any instant can be decomposed into a "pure" green signal N 2 0 and a pure red signal N 1 0 such that
We then subtract the measured green signal from the measured red signal after scaling the relative intensities according to N 1 0 = 100 87 N 1 C − 13 87 N 2 0 . The procedure provides an approximation to the pure red signal. Comparison between the cross-correlation functions computed from the corrected and uncorrected red signals suggests that the time dependence of the correlation functions reported herein is unaffected by the contamination. Future TC-FICS experiments will either formalize the correction procedure, or ͑preferably͒ make use of fluorophores with spectra that can be more efficiently separated. = 0.59 m −1 for both samples. These data represent high-k measurements applied to dilute systems, where spatial correlations between particle positions are expected to be random. This leads to S͑k͒Ϸ1 for all k's examined here. 10 Under these circumstances, only self-displacements give rise to nonzero contributions to Eq. ͑2.4͒ ͑e.g., i = j, ␣ = ␤͒. If the self-displacements are distributed as a Gaussian random variable and the system as a whole obeys Fickian dynamics, Eq. ͑2.4͒ becomes 10 
IV. DISCUSSION OF RESULTS
A. Measurements on single-component fluids
S ␣␣
where D ␣␣ 0 is the infinite dilution self-diffusion constant ͑with ␣ =1,2͒, defined above. The normalized function, , where we have used the correction factor 0.707 to account for "enhanced" hydrodynamic friction experienced by the diffusing particles when they are in close proximity to the sample cell walls. 21 This same numerical factor has proven necessary to accurately represent the self-diffusion coefficients measured in very thin samples ͑ϳ1.2 m thickness͒ where particles are confined to move in a narrow twodimensional channel. 14, 22 For the current experiments, the sample thickness is not controlled. We believe that the appearance of the factor 0.707 is an indication that the signal fluctuations are predominantly due to the motions of particles whose centers lie within ϳ1 m of the cover slip side of the sample cell.
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In Fig. 3͑c͒, 3͑d͒ , 3͑g͒, and 3͑h͒ are plotted, directly below the corresponding time-correlation functions, the generalized self-diffusion coefficients, D 22 ͑k , ͒ and D 11 ͑k , ͒ ͑shown as open and filled circles, respectively͒ calculated from the data using the first equality of Eq. ͑2.13͒. These are compared to the ideal values D 22 0 and D 11 0 , which are shown as solid lines. We note that, for both correlation functions and diffusion coefficients, the agreement between the data and Eq. ͑4.1͒ is very good over the full range of time and length scales investigated. The greatest deviation is observed for the smallest fringe spacing ͑d G = 0.8 m͒ where the signal-to-noise begins to degrade and the length scale probed is smaller than the larger particle diameter.
B. Measurements performed on a binary fluid
The partial local density fluctuations N 1 ͑k , ͒ and N 2 ͑k , ͒ are simultaneously measured for a dilute symmetric mixture of 0.5 and 1.0 m particles ͑sample C listed in Table  II͒ . From these, the partial dynamic structure functions S ␣␤ ͑k , ͒ are calculated according to Eq. ͑2.4͒. The S ␣␤ ͑k , ͒'s are used in turn to calculate the generalized diffusion coefficients according to Eq. ͑2.13͒. The results of this procedure are presented in Fig. 4 
͑4.2͒
We note that in the → 0 limit, 0 closely. We note that the data corresponding to the fringe spacing d G = 0.8 m has more spread due to a decrease in signal to noise for the measurement at this length scale.
Linear combinations of the measured partial dynamic structure functions determine the time-correlation functions that characterize collective and relative diffusion of the binary fluid species. The functions S NN , S CC , and S NC are constructed according to Eqs. ͑2.11͒, and plotted, along with their corresponding generalized diffusion coefficients, in 
Using our definition for the generalized diffusion coefficient, D XY 0 ͑k , ͒, X , Y ͕N , C͖, given by Eq. ͑2.15͒,
͑4.4c͒
Comparison between Eqs. ͑4.4a͒ and ͑4.2͒ shows that The function S CC , however, is measurably finite, in contrast to the expectation S CC 0 = 0 for all nonzero k and . We note that the measured functions S CC and S NC appear to be proportional to one another for all nonzero k and .
Physically, the function S NN ͑k , ͒ represents the correlation of local particle density fluctuations in the binary fluid, irrespective of species identity. Its value describes the regression of collective, spontaneously occurring density fluctuations at the wave number k and during the time interval . The function S CC ͑k , ͒ has a similar interpretation regarding the regression of spontaneous concentration fluctuations. The function S NC ͑k , ͒, however, represents the coupling between The fact that our measurement of S CC ͑k , ͒ is nonzero and peaks at 12 0 reflects the effect of asymmetric forces between particles belonging to the two species of the binary fluid. The approximation S 12 0 = 1 2 ͑S 11 0 + S 22 0 ͒ is based on the assumption that correlations in local concentration fluctuations do not occur on any finite time or length scale. In the real fluid investigated, spontaneously occurring local concentration fluctuations appear to have a relatively high likelihood of recurrence on the time scale matching the interdiffusion time between the two species. This recurrence probability decays rapidly in time from its peak value.
In figure panels 5͑c͒ 
V. CONCLUSIONS
We have demonstrated a new experimental framework to characterize the relative and collective dynamics of a binary colloidal suspension. The dilute suspensions investigated in this study serve as a model system to test the procedure. As expected, the dynamics of the dilute binary colloidal system are consistent with the simple diffusive motions of weakly interacting species. We have explored the relationships between the generalized partial diffusion coefficients of the mixture and the self-diffusion coefficients of the pure species components. We have also investigated the behavior of the total density, concentration, and density-concentration correlation functions. As expected, the correlation of total density fluctuations decays in time as a biexponential function. The correlation of concentration fluctuations rises to a peak value, representing the interdiffusion between component species, before subsequent relaxation.
The two-color FICS method allows for direct measurement of the partial local density fluctuations of a binary fluid mixture of fluorescently labeled species. The measurements presented here establish the foundations for future work on complex systems. The TC-FICS approach presents several advantages over light scattering experiments aimed at acquiring comparable information. The ability to fluorescently label specific component species, in addition to the high sensitivity associated with fluorescence detection, make the approach appealing for studies where signal levels are weak.
There are numerous problems that could benefit from the detailed dynamical information available using TC-FICS.
These include the behavior of multicomponent polymer and colloidal fluids near a phase boundary; 4, 8, 9, 23 the interplay between density and concentration fluctuations close to a critical consolute point; 10,24 the effects of confinement on the structure and dynamics of thin film and membrane systems; 25 and the role played by interspecies particle interactions for diffusion limited chemical reactions. 10 This latter example includes the binding interactions of biological macromolecules in solution as well as in their native environments.
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APPENDIX: FEEDBACK ELECTRONICS
Part of the signal amplification/noise reduction scheme used in our experiments relies on a phase-locked loop between the ϳ50 kHz carrier ͑used to sweep the phase of our intensity interference fringe pattern͒ and the phase of the interference fringes at the sample. As described in Sec. III B, the precision of our fluctuation measurements is limited by mechanical instabilities of the interferometer that introduces phase noise. To minimize this noise over the time scales of interest ͑10 −2 -10 2 s͒, we employ an active-feedback servo in a closed-loop configuration to lock the phase of the optical grating in the sample ͑relative to that of the reference wave form͒ to within Ϸ 1 100 of the fringe spacing ͓see Figs. 2͑a͒ and 2͑b͔͒.
To lock the phase of the modulated interference pattern at the sample relative to the reference signal, the excitation interference pattern is reflected by dichroic beam-splitter 1 ͑505DRLP Omega͒, passed through a Ronche ruling, and focused onto an APD ͑Pacific Silicon Sensor͒. This 50 kHz signal is filtered and demodulated; its phase compared to the phase of the reference signal ͑from the rf generator͒. The purpose of the electronic circuit is to minimize this RPE. This circuit was designed to compare the phases of two 50 kHz signals and then output a feedback signal proportional to the RPE. The feedback controls the position of a piezoelectric mirror that is placed in one of the beam paths, minimizing the phase difference and thus stabilizing the interference pattern.
The electronic circuit works as follows ͑see Fig. 6͒ . The filtered, 50 kHz signal from the APD is sent to a comparator ͑a͒. Here, the input analog signal is converted into a transistor-transistor logic ͑TTL͒ of the same phase and frequency with a 50% duty cycle. The signal TTL is then compared to the 50 kHz TTL reference ͓from the rf generator in Fig. 2͑a͔͒ in the phase detector ͑Motorola, MC4044P͒. The output of the phase detector contains both amplitude and polarity information about the phase difference between the two input signals. The time-averaged difference between the two output signals is proportional to the relative phase between the two inputs. The time-averaged difference is determined using a differential amplifier ͓͑b͒, CA3140͔ that outputs a signal ͑+/−15 V͒ proportional to the relative phase. The output of the differential amplifier is used as a diagnostic relating phase difference ͑or phase error͒ information. A dc signal proportional to the relative phase is sent into an adjustable lead-lag integrator ͓͑c͒, CA3140͔. An adjustable resistor sets the integration time so that the signal output is the inverted time integral of the relative phase input. The output of ͑c͒ is passed through an amplifier ͓͑d͒, LM12͔ before exiting the circuit. A 7805 voltage regulator was used to provide +15 V and +5 V. 
